In this study, we constructed a 4-element linear array antenna using four 20 GHz band microstrip patch antennas with a structure such that the signal is fed to the patch antennas from open-end coplanar waveguides without contact. We investigated factors related to the design of linear array patch antennas. To adjust the maximum radiation direction and reduce return loss, we optimized the spacing between the elements and their shape. With an element spacing of 11.50 mm, patch width of 3.90 mm, and patch length of 4.15 mm, we obtained a resonance frequency of 20.05 GHz and a return loss of −29.59 dB at the resonance frequency. However, in the case of a 4-element linear array antenna structure, undesired resonances occurred in frequency bands other than the design resonance frequency band of 20 GHz. To suppress these undesired resonances and obtaining stable operation at the design frequency, we propose a new structure in which the feed line is loaded with a short stub, and show through computer simulations that the occurrence of undesired resonances can be sufficiently suppressed. Furthermore, we demonstrate the problem of radiation gain reduction caused by introducing a short stub, propose a design method for a new structure in which the feed line has slits between the stubs, and show improvement of the antenna gain by 0.5 dBi.
Introduction
Wireless communication has come into use in a wide variety of applications in The number of services that use the microwave and millimeterwave bands is also increasing. As a result, communication channels are predicted to become more and more diverse. For example, various channels are needed depending on the type of application and its user needs, for example, in aircraft, drones, ships, vehicles, and terminals, all of which require Ka band earth station technology [1] that is multi-platform capable. Adaptive technology that selects among various channels is considered important. For baseband communication using frequencies below microwaves and for communication by devices using middle frequencies, adaptive technology is realized through software-defined radio. For frequencies within the microwave and millimeter-wave bands, however, the development of new adaptive devices that can modulate the phase, amplitude, and frequency of the signal is required. It is challenging to develop adaptive technology that can adaptively control these parameters and flexibly handle the growing diversity of services. We have focused on liquid crystal materials, in which the permittivity acting on high-frequency signals can be changed through electric fields, and we have developed a liquid crystal-loaded phase shifter [2] [3] [4] that enables phase control of the signal. Applying phase shifter to a high-frequency transmission line and antenna enables adaptive selection from among diverse channels.
To show an example of applying this technology, we focused on the Super Hi-Vision service [5] , which uses microwaves in the 21 GHz band and is anticipated to become the next-generation satellite broadcast technology. For this technology to become widespread, it is necessary to realize a receiver antenna that has low cost and high performance. We believe that this can best be achieved by simplifying the structure using a liquid crystal-loaded phase shifter and using an adaptive array antenna that realizes antenna gain using array antenna technology. As a fundamental element for achieving this, we chose to use microstrip patch antennas (MSA), which are light-weight and easy to manufacture and for which it is possible to easily change the polarization characteristics and frequency characteristics by changing the element shape. Previous experiments have confirmed that the main beam tilts by controlling the phase of the feed line through the voltage applied to the liquid crystal when a liquid crystal-loaded phase shifter is connected to the feed line of two MSAs [6] . Furthermore, coaxial-coplanar transitions [7] were developed to reduce the loss in liquid crystal-loaded phase shifters constructed with coplanar waveguides with float electrodes (CPW-FE) [3] , but transitions such as connectors are necessary to unify these with the antenna. Therefore, we selected a signal feed method that uses an open-end coplanar waveguide (CPW), which is anticipated to reduce the loss due to the waveguide transition by feeding the signal to the patch antenna without contact [8] [9] . Furthermore, we have investigated the effect of the slots of the open-end CPW-fed MSAs on the antenna properties, and proposed a new design method [10] . Based on these results, we demonstrated that it is necessary to create an array of the open-end CPW-fed MSAs in order to obtain radiation gain that is suitable for user needs.
In this paper, to solve the problems described above, we propose a new design method for a 4-element linear array antenna that uses open-end CPW-fed MSAs having a structure with a unified feed and transmission line consisting of the liquid crystal-loaded phase shifter and patch antenna. For the design, we focused on the shapes of the radiating elements and the spacing between the elements, performed optimization using CST Studio suit 2006, a software package for simulating electromagnetic fields, and proposed using a new structure in which a new short stub is attached to the feed line as a measure to suppress the multiple undesired resonances that appear as a result of the structure of the feed line. 
Linear Array

Design of Linear Array Antenna Using Open-End CPW-Fed MSAs
In the adaptive array antenna shown in Figure 2 , the purpose is controlling the directivity of the main beam through the phase shifters, so we designed the linear array antenna in this investigation such that the maximum radiation direction faces in the direction (z-axis direction) perpendicular to the face in which the linear array antenna is arranged. In the array antenna, the maximum radiation direction is determined by the phase difference of each element, but because the elements in the linear array antenna are arranged on the same feed line, the element spacing has a large impact on the relative phase between the elements. The equation for the relationship between the element spacing and the maximum radiation direction in the linear array antenna is shown in Equation (1) [11] .
Here, θ represents the offset at the x = 0 face where the z-axis direction is taken to be 0˚, and λ 0 represents the free space wavelength. The maximum radiation direction is designed to be in the z-axis direction, θ = 0, so the effective wavelength on the feed line waveguide λ g is obtained according to Equation (2) .
Based on Equation (2), when making the maximum radiation direction face in the z-axis direction, the element spacing should be set to be equivalent to one wavelength of the radiated electromagnetic wave. Therefore, the element spacing d p was made to vary within the range 11.00 -13.50 mm which corresponds to 0.9 λ g -1.1 λ g , and the electromagnetic field simulation software was used to calculate the changes in the maximum radiation direction. As a result of optimizing the size of the patch in the design of one element [10] , we obtained W = 6.90 mm and L = 3.90 mm. In Figure 3 , an offset of the maximum radiation direction from the z-axis to the positive y-axis direction is defined to be positive. When the element spacing d p was 11.00 mm, the offset angle became 0˚. The radiation characteristics for this situation at 20 GHz are shown in Figure 4 , and the frequency characteristics of the reflection loss are shown in Figure 5 . Figure 4 shows the radiation characteristics for the yz face, for which the effects of the array are significant. The maximum value of the directional gain was 13.70 dBi. In Figure 5 , it can be seen that there are several points for which the resonance frequency deviates from the design value of 20 GHz. Verifying the electric field distributions at these resonance points, we determined that the resonance point due to phase resonance based on the design value was at 20.45 GHz. Therefore, we performed optimization on the patch width W and the patch length L so that this resonance point would become 20 GHz. First, to adjust the resonance frequency to 20 GHz, we performed an analysis while varying the patch length L in the range 3.90 -4.20 mm at intervals of 0.05 mm. The change in the resonance frequency is shown in Figure 6 . The resonance frequency becomes f r = 19.98 GHz when L = 4.05 mm. Therefore, we set L = 4.05 mm, and performed an analysis while varying the patch width W in the range 3.50 -6.50 mm at intervals of 0.50 mm in order to improve the return loss. The change in the reflection loss is shown in Figure 7 . The dotted, dash-dotted, and solid lines show the cases in which W = 6.50 mm, 5.00 mm, and 4.00 mm, respectively. These results show that as the patch width W becomes smaller, the return loss improves and the resonance frequency increases. This is because the effective wavelength changes along with W because of the change in the effective permittivity directly below the patch. Furthermore, given that the maximum radiation direction changed at the same time due to the change in the patch width W, we attempted tore-optimize the element spacing d p , patch width W, and patch length L, and obtained a resonance frequency of 20.05 GHz and return loss of −29.59 dB at the resonance frequency when d p = 11.50 mm, W = 3.90 mm, and L = 4.15 mm. The return loss for this situation is shown in Figure 8 , and the frequency characteristics at 20 GHz are shown in Figure 9 . Based on the results in Figure 8 , it can be . Radiation characteristics of the linear array antenna for dp = 11.00 mm. Figure 5 . Return loss S11 of the linear array antenna for dp = 11.00 mm. seen that resonance points exist at frequencies other than 20 GHz. The results in Figure 9 show that the maximum value of the directional gain is 13.6 dBi, and the maximum radiation direction is the z-axis direction. The radiation characteristics at the other resonance point, 18.51 GHz, are shown in Figure 10 . The maximum radiation direction has changed. Since the radiation direction changes significantly depending on the frequency, it is necessary to suppress undesired resonance points in order to prevent receiving undesired signals. In the next section, we describe a method that uses impedance-matching circuits as a method to suppress undesired resonance points. 
Structure of Stub-Loaded Linear Array Antenna
Investigation of Impedance-Matching Circuit (Stub)
The 4-element linear antenna considered in the previous section had multiple resonance points. It was demonstrated that the maximum radiation direction changes for resonance points other than 20 GHz. In this section, we discuss the results of our investigation on placing an impedance-matching circuit on the CPW as a method for solving this problem. Previous studies have reported the creation of filters using short stubs for CPWs [12] . According to reference [12] , the impedance Z l of the load side separated from the transmission line of line length l can be represented by Equation (3). 
To match impedances, the reactance of the parallel stub is represented as j X , and the designer should connect a circuit with j X needed to cancel the imaginary part of Z l shown in Equation (3) . Here, the parameters of the stub that can be adjusted include the line length l and stub reactance j X . Considering the impedance of the stub side as viewed from the feed line, the short stub represents the case where Z l = 0 in Equation (3), so it can be expressed as shown in Equation (4). 
In the 4-element linear array antenna considered here, it is necessary to adjust the impedance-matching circuit to suppress the resonances at frequencies other than the design frequency of 20 GHz. In other words, setting the line length l to λ g /2 so that Z l in Equation (4) becomes zero changes the impedance at wavelengths other than λ g , making it is possible to suppress the undesired resonance points at frequencies other than 20 GHz.
Design of the Stub Circuit
The stub circuit used to load the feed line on the back face of the linear array an-tenna under consideration is shown in Figure 11 . A short stub with a shortened tip is used. The stub length is defined as L s , and the distance from the feed point to the stub is defined as d c . The central conductor width and slit width of the stub are a = 1.80 mm and b = 0.10 mm, similar to the feed line. The adjustable parameters of the stub include the stub length and the stub arrangement positions. In this investigation, we set the stub length L s to λ g /2 = 6.10 mm, and analyzed the changes in the antenna characteristics with respect to changes in dc using the electromagnetic field simulation software. The return loss S 11 at 20
GHz is shown in Figure 12 . The largest return loss of −25.22 dB was obtained when d c = 37.50 mm. Next, we analyzed the changes in the characteristics with respect to changes in the stub length L s . The changes in return loss at 20 GHz are shown in Figure 13 . Because we obtained S 11 = −46.5 dB when the stub length was L s = 5.95 mm, we determined that this is the optimal value. Furthermore, the frequency characteristics of the return loss for this situation are shown in Figure 14 , and the radiation characteristics are shown in Figure 15 . The solid line shows the return loss frequency characteristics for the case with the stub, and the dotted line shows the characteristics for the case without the stub. Figure 14 shows that the undesired resonances are suppressed well, and that the return loss at the design frequency has been improved. On the other hand, as shown in Figure 15 , the gain in the maximum radiation direction decreased. While the gain was 13.6 dBi without the stub, the gain was 11.2 dBi with the stub. This is believed to be caused by the stub radiating waves from the face with the feed line at the back of the antenna. In addition, the side lobes increased.
Design of Stub Circuit with Slits
In the previous section, we demonstrated that loading with the stub circuit was effective for suppressing undesired resonances, but the gain between the patch face and the opposite face with the feed line increased due to radiation from the stub. Therefore, we attached a stub circuit with a slit as shown in Figure 16 . We propose a method for reducing the backward radiation by strengthening the coupling between the stubs. This is done by generating aperture coupling between the stubs by creating slits within the stubs. Since the value of λ g in the stub circuits may change due to the slits, we performed optimization of the stub length L s . Figure 17 shows the changes in the return loss with respect to the stub length L s . When L s = 5.70 mm, S 11 = −42.53 dB, and f r = 19.99 GHz. This was chosen as the optimal value. The return loss for this situation is shown in Figure  18 , and the radiation characteristics are shown in Figure 19 . For return loss, the undesired resonances were suppressed after loading with the stub as well, and no large changes were seen. For radiation characteristics, on the other hand, a gain improvement of 0.5 dBi was seen.
Conclusion
We investigated the design of a linear array patch antenna composed of 4-element linear array antennas using four 20 GHz band MSAs with a structure such that the signal is fed to the patch antennas from open-end CPWs without contact. To adjust the maximum radiation direction and reduce the return loss, we optimized the element spacing and the element shape, and obtained a return loss of −29.59 dB at the resonance frequency of 20.05 GHz. However, undesired resonance frequencies gave rise to frequency bands other than the design frequency of 20 GHz when a 4-element linear array antenna structure was used. To suppress these undesired resonances, we proposed a new structure in which the feed line is loaded with a short stub as a method to obtain stable performance at the design frequency. We demonstrated that this method can sufficiently suppress the undesired resonances. Furthermore, we revealed that introducing the short stub causes a new problem in which the radiation gain is reduced. To solve this problem, we proposed a design method for a new structure in which the circuit has slits between the stubs, which improved the antenna gain by 0.5 dBi.
In the future, we plan to investigate methods for further improving the maximum radiation gain of a linear array of patch antennas that is designed using the design method proposed in this paper.
